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Abstract

This article describes the performance of Iull Speetrumn Combining (FSC), an ar-
raying technique being considered for the Galileo S-1 3and mission, in terms of symbol
SNR degradation and symbol SNR loss. 1t is shown that both degradation and 10ss
arc in agreement at low values of sy mbol SNR bhut diverge at high values. ¥or the
Galilco S-band mission, the degradation provides a good cstimate for the perforinance
as the symbol SNR is typically below -5 dB. Depending on the subcarrier bandwidih,
the degradation for 2 70-meter antennas can vary from 0.1 dB to 0.5 dI3.

I Introduction

In deep space communications, combining the outputs of multiple antennas is cornmonly
referred to as allaying. Arraying techmiques arc of significant itnportance because systerns
that employ arraying have better performance than those that don ‘t! For example, if signal
power-to-noise denisi ty ratio (#7/No) is a measure of syste n performance, then the effective
P’/Nyafter arraying is ideall y cqual to the swin of the 1°/Ny’s corresponding to the individual
antermas. Although arraying improves system performance, it has been einployed sparingly
in the past because arraying adds complexity. Conscquently, it has been most appealing
as a technique to increase the communications link margin only wlien links are operating
ncar threshold. For instance consider thie Galileo spacecraft which, duc to analfunctional

*I'he WOrk described in this paper was carried out by the Jet Propulsion Laboratory, California nstitute
of "Technology, under a contract with the National Acronautics and Space Administration.



high gain antenna, must rely on a low gain antenna (and a much reduced link margin) for
data transmission to carth. The Galilco S-Band 1nission will eiploy arraying (and other
techniques such as suppressed carriers and data compression) to immprove its link margin
and maximize data return. This paper describes the performance of Full-Spectruim Combin-
ing (1'SC) which is onc of the arraying technique being considered for the Galileo S-Band
mission. In this scheme, depicted in Figure 1, the reecived signal at cach antenna is down-
converted to an interediate frequency (119), brought to a central location, and combined
before being demodulated by a single receiver consisting of a car tier, a a symbol
synchronization loop, and a matched filter.

In this paper, the performance of FSC is measured both in terms of syinbol SNR degrada-
tion and symbol SNR loss. Symbol SNR degradation is defined as the ratio of the SNR at the
symbol matched filter output in the presence of non-ideal synchronization {o the ideal SNR
that can be attained, which assumes no comnbining or synchronization losses. Symbol SNR
loss, on the other hand, is defined as the additional symbol SNR needed in the presence of
imparfeet synchronization to achicve the same symbol error rate (SER) as in the presence of
perfecet synchronization. Comparatively, the latter gives the absolute while the former gives
the relative performance advantage of 1'SC. Morcover, degradation is less computationally
demanding than loss. In the next section we derive the symbol SNR degradation and loss
for IF'SC and, afterwards, conclude with a nuinerical example.

2 FSC Performance

In ¥SC; signals at multiple antennas are combined at 11 and demodulated by a single recciver,
as shown in Figure 1. Assuming an array of I, antennas, the i 11 signal at the combiner
input is given as 2]

ri(t) = V2R - ) Sin(weelt - 7)1 Ou) cos(wit - weri | 02) 1 (L) (1)

for i: 1,....1., where 1% is the received power at antenna ¢ in Watts (W), we and w; arc the
angular frequencics of the reccived carrier at the antenma and at 11, Sin(wst | 0y) denotes
the squarcwave subcarrier with frequency we, and phase 0., d(1) the binary -1 data with
ratc mm and 0, the carrier phasc. The quantity 7; denotes the time delay in signal reception
between the first and ith antennas (7; = 0). Note that delaying the signals by 7; at 119 is not
sufficient, for combining the signals. An additional phasc shift is required to compensate for

the wer; term. The narrow-band noise 7;(1) can be written as

ni(l) : V2na() cos(wit- 0;) - Vong(t)sin(wit - 0;) (2)

where nei(t) and ngi (1) are statistically independent stationary bandliniited white Gaussia
noisce processes with one-sided speetral density No; W/l z.



In order to maximizc the combining gain, the 11 signals arc aligned in time and phasce
before bcing combined [2], 11 @ practical systein, time misalignmment and phase mismatch
resultsina less than ideal I°/Ny gain at theoutput of the comnbiner.  The analysis below
assumes that the signals arc perfectly aligned intime but not inphasc. 1)enoting the phase
afigninent error as Agy;p, the combined signal power condition 011 Agy; is given as [Z]
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where 7; - —}; %%l and
I
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is the complex signal reduction function duc to phase misalignment.
After carrier and subcarrier deinodulation, the combined symbol streamn at the matched
filter output can be written as [1]
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where the combined data power 12} 127 sin? A (A is the modulation index), and dy = < 1
is the k™ symbol. Morcover, the mist ny is a G aussian randor n variable with variance
*2. -,’,Vggl{f where 7" is the symbol period and Ny, (in W/1 1z) is the eficcetive combined
one-sided noise spectral density level at the match filter input given by (2]
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The signal reduction functions C,. = cos¢pe and Cy, = 1 -- f{ld)sclin (5) arcrespectively duc
to imperfect carrier and subcarrier synchronization. The quantitics ¢, and ¢ respectively
denote the carrier and subcarrier phasce tracking errors. The signal reduction due to symbol
timing error, which occurs only during symbol transitions, is equal to 1 - ;]r|¢sy | where ¢,y
denotes the symbol phase tracking error. The SN 1R conditie] wed 011 A¢i 1, ¢, se, ¢y, denioted
SN, is defined as the square of the conditional incan of v, divided by the conditional
variance of wu,i.c,
"o
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The last cquation is useful in cornputing the syinbol SNR degradation and loss as shown
1) C1OW.
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2.1 Symbol SNR Degradation

The SNR degradation is defined astheratio of the SNR in the presence of imperfeet phase
aligmnent and synchronization to ideal SNR (no phasc crrors). After computing the SNR
inthe presence of bhase errors (obtained by averaging (7) over A(/)n,¢<,<f)c(,(ul(l ¢sy) and
then dividing by the ideal SNR given by [2] (i.c., SN Rigcar - 2} 11 Y2F  v), yidds the SNR
dcgradation, namcly,
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where i (p.) denotes the modi fied 1 3cssel function of order k. In deriving; (9)-(11), ¢. was

assw ned to be 1'ikhonov distributed wit] 107: ;ﬂ , d1d ¢se A 1d ¢gy Were assmined to be

Gaussian with respective o2, = =1 and o2, : })] wlhiere the loop SNRs pe, pse, and psyarc
) oy
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Wi cre Py isthe average combined data power foun d by averaging the condition al data power
in (b) over the residual phases. The quantitics 13, 13SC, and I35, Hz denote the  sillgle-sided
carrier, subcarrier,and symbolloop bandwidth), respectivel y. The paraincters W and Wy,
which denote the subcarrier and symbol window, arc unitless and limited to ((), 1]. Referring
to (8), the average signal reduction function due to phase 1 nisalignment. between TF signals
n and M, denoted Chm » is given as [2]
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where ozd," , is the variance of A¢,1 which was assumed o be Gaussian with zero mean and
variance
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where SN, is the SNR of the corrclator in Ig. 1 and is given as (2]
I z’l'(
SNRpy = o (17)
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with 3., denoting the single-sided bandwidth of the 11° filler preceding the correlator and

Teorr the averaging time of the correlator.

2.2 Symbol SNR Loss

The 1'SC SIER for an 1, antenna array, denoted 17,(14), is defined as

o [ ]
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where Ag:=(Adar, .. .. A¢1,-1y1 ), the L- 1 residual phase errors between the reference signal
and the 1, - 1 rernainin g signals arc independent, G aussi an randor n variables wi th variance
given by (16) . The phascs ¢, ¢qe, and ¢q, are statisticall y described as in (8). Following
sitnil ar mathematical manipulation as in [3], thie conditional SER, beeornes

PUR) - ~(1fc[\/S'N]i” when dy, / i 1] »(If([\/SN]{’wh(n dy - dy. 1 (19)

Substituting (7) for SN R’ yields

I (]4/‘) : J erfc [ (5 1 ’Yn } me 1 : m "1 77')’1171{1{17717:713 o (] ] |¢s ,)]
¢ 4 \ NO () ) ’Y“) 2m !
] "?}:};‘(>:1]LI' 1 ’y“_ I }471 ) ] 7’ =1 ’YTL’YHL("IL‘HL) .
! ;] orfc [\ N(; o () m: ] ’Y;L )m ” 7 (/( /‘(] (ZO)

WhicreI5INo=  Ppl “IN,is the symbol SNR at antenna land the cornplernenitary crror
function is defined as

erfe(z) | exp(- v? )dv (21)
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3 Galileo S-band Mission Scenario

The I'SC symbol SN1 R degradation and symbol SN1 R loss for the case of two 70-1 neter an-
tenmas is depicted in Figures 2 and 3. In particular, Figure 2 was computed using typical
values for the Galilco S-Band mission: ,\f : ]f,‘ 15dB-Hz, R, 400 sylll/see, 13.-0.1
N2, Beoypr - 10,000 Nz, and iy = 120 scc, which corresponds to the ideal SISR. of ().2871 69.
It is evident from the Figure 2 that for this SIER, symbol SNR degradation and loss agree to
within .01 dB.

The symbol SNR degradation in Figure 2 was found by using (8), whare the earlier,
subcarricr, symbol, and correlation loop SNR’s were derived using (12), (1 3), (1 4), and (17)
re sp(cllvdy, these loop SNR’s are swmminarized in Table 1a For the correlation loop SNR,
wc assurne that the correlation ban d width alows only thic first harrnoni ¢ of the subcmn(,r
squarcwave to pass unfiltered, resulting in ().9 d] 3 loss in power.

The symbol SNR 10ss, on the other hand, was obtained by using (18) for the case of two
70-mcter anter mas and, conscquently, the conditional SER given in (20) simplifies to

1 Ly, | ]
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The carrier, subcarrier, symbol, and correl ation loop SNIRs are swinmarized in *1 able 1a,
wi th 75 /No:= - 11d13. The sy1 nbol SNR can now be fom 1d by iteratively solving for the
additional SNR nceded to achieve the ideal SIKR of ().287169. 'The process of finding the
symbol SNR loss is illustrated for the case when the subcarrier and symbolloop bandwidths
arc equal to 1 mllz. Using I /Ny of -11 dB, the SER using (1 8) becones ().2()1 074. Since
this is higher that the ideal SIIR, 155/ Ny is incrcased by some Ak /Ny so that the SR using
(18) is egua tothe ideal SKR. After aniterative process, Alg/Ng of 0.18 d13 achicves the
ideal SIKR which by dcfinition is the symbol SNR. loss. Thesainci terative procedure was
uscd to generate the symbol SNR. loss for different subcarrier and sy nbol loop bandwidths
as shown in Figure 2.

The performance of FSC for an ideal SKR of 3.4 x 107% is presented in Figure 3 which
has the sane values as in Figure 2 except J\ll(f] : ]{]:2 o 32dB-llzand B.- 250 11z. Both the
syibol SNI R degradation and loss were cornputed using the same procedure as before wit)]]
Is¢/Nyin this case equa to 6 d] 3,and theloop SNR’s of the carrier, subcarrier, syinbol, and
corrclator are swinmarized in ‘1 ‘able 2b. Froin Figure 3, it is evident that symbol SNR loss is
about 1.4 dB3 larger thani symbol SNIR degradation. This is to be expected sinee the SER for
this case is high. In general, symbol SNR loss gives the absolute perfory nance advantage of
anarraying scheme while syinbol SNIR degrada tion gives therelative perforimance advant age.
For Jow symbol SN 13s, however, degradation and 1oss are comparable as shown in Iigure 2.
Likewise, symbol SNR degradation isa lower bound for symbol SNR. loss. Computationall y,



s-y mbolSNR degradation is casicr to calculate thansymbol SNR 10SS; the latter requires
1 nericall y integrati ng the SEIR since no exact dosed form solution exists and for large 1
consuines a lot of computer tiine.

4 Conclusion

'This paper described the performance of 1°SC using symbol SNR degradation and 10SS. It
is shown that both degradation and loss arc in agreement at low values of syrnbol SNR but
diverge at nigh values. For the Galileo S-band mission, the degradation provides a good
csti mate for the performance as the symbol SNR is typically below -5 dB3. Depending on the
subcarricr ban dwidth, the degradation for 2 70-meter antennas can vary froin 0.1 di3 to 0.5
dB.
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